The objective of this paper is to compare the influence of two electron-withdrawing groups in the fragmentation of 2-methoxy-4-nitrophenyl benzyl ether and 4-cyanophenyl benzyl ether once these species are reduced. The stability of the corresponding radical anions depends essentially on those substituents. In our design we have chosen two species that are able to attach the electron but which have each a different capacity to retain it. An experimental study is carried out by EPR spectroscopy to analyze the different electronic nature of the generated radical anions. In addition, electronic structure calculations at the DFT level of theory have been performed to study those radical anions and their fragmentation pathways. The thermodynamics and kinetics of the two fragmentations are discussed and compared in detail.
Introduction
In the study of radical anions it is specially interesting to observe the reactivity of those species that contain highly polarized bonds, i.e. bonds between atoms with large electronegativity differences [1] . The most common reaction process of many organic radical anions is called dissociative activation [2] and describes their tendency to unimolecular bond cleavage by the addition of the extra electron. Several experimental and theoretical studies have been carried out to analyze the cleavage modes of radical anions corresponding to organic ethers with a C-O scissile bond [3] [4] [5] [6] .
Once the radical anion is formed there are three possible ways in which the species can evolve: (a) The anion can experience a back electron transfer to yield the neutral species again; (b) The radical undergoes a reaction (e.g., bond cleavage); (c) Finally, if the stability of the species is high enough it stays without experiencing any change for a certain period of time.
In the fragmentation of radical anions wherein the unpaired electron resides initially in a p orbital on one side of the scissile bond, electron reapportionment can occur with transfer of charge across the scissile bond (heterolytic mode), or the charge may remain localized in the original moiety (homolytic mode) [4] .
The intramolecular electron transfer (ET) from a p state to a r* state describing the cleavage of the C-O bond along the reaction coordinate is the necessary condition for dissociation of the initial p species. Along the reaction coordinate these two electronic states approach. At the geometry of their crossing, the p and r states are electronically uncoupled in planar molecules due to symmetry reasons. However, the coupling is possible when the geometry of the species can be changed, and then the ET becomes feasible. The ease for cleavage to occur depends on the capacity of the system to reorganize its geometry and electronic state. In two previous works [5, 6] , we have studied the fragmentation of aryl benzyl ether radical anions with various substituents on the phenyl ring, concretely electron-withdrawing substituents such as -NO 2 or -CN. The nitro group has a powerful attraction for electrons; many of the chemical reactions of nitro compounds are due to this characteristic electronegativity and several different effects show up when we change one group for the other. In particular, the electrochemical results on the mesolytic fragmentation of radical anions of 4-cyanophenyl benzyl ether and 4-cyanobenzyl phenyl ether indicated that the free energy barrier in DMF at room temperature for the heterolytic fragmentation is 2.8 kcal/mol lower than the corresponding value for the homolytic process. The theoretical calculations in gas-phase showed that the cyano substituent favors thermodynamically the homolytic cleavage but it favors kinetically the heterolytic fragmentation. In addition we carried out a theoretical calculation of the homolytic/heterolytic C-O aniomesolytic fragmentations in gas-phase of a series of radical anions of substituted-phenyl benzyl ethers and substituted-benzyl phenyl ethers with increasing strength of the electron-withdrawing substituent. As for the homolytic/heterolytic competition, the homolytic cleavages are always thermodynamically favored versus the corresponding heterolytic ones. The scenario for the kinetics turns out to be clearly different. Radical anions with weak electron-withdrawing substituents present early transition-states, determined by the electronic configuration resulting from the intramolecular electron transfer between the p system and the r* antibonding orbital of the C-O alkyl ether bond. In this case, the heterolytic fragmentations that involve a shorter electron density migration from the p system are faster than the homolytic ones. In contrast, radical anions with strong electron-withdrawing substituents have late transition-state structures already characterized by the electron configuration at products. In free energy terms both fragmentations (homolytic /heterolytic) become comparable but the experimental results in polar solvents with nitrosubstituted ethers (the heterolytic fragmentation the faster) could only be explained then as a consequence of solvent effects or by the presence of dianions as the key active species.
In this work, the reactivity versus alkyl ether C-O bond cleavage of 2-methoxy-4-nitrophenyl benzyl ether (1 in Scheme 1) and 4-cyanophenyl benzyl ether (2 in Scheme 1) are compared by first analyzing the spin distribution of the parent radical anions by means of Electron Paramagnetic Resonance (EPR) techniques. The application of EPR spectroscopy to the study of matrix isolated radical anions and radicals is well established as a powerful technique, providing in many instances not only clear identification but also structural and mechanistic information that would otherwise be difficult to obtain [7] . The hyperfine coupling constants (hfcc's) obtained from EPR spectroscopy provide important information about the electronic structure and properties of organic radicals [8] . This technique has been widely used to the study of many types of organic radicals and radical anions but to our knowledge it has not been applied extensively to the analysis of radical anions of substituted-phenyl benzyl ethers and substituted-benzyl phenyl ethers. Those EPR experiments as well as theoretical calculations of the mesolytic homolytic fragmentations in gas-phase and solvent of the radical anions of 1 and 2, will be used in this work to confirm the general trends theoretically predicted in previous studies.
Experimental results
Our experiments have been firstly carried out with species 1 and then with 2, whose synthesis has been previously done. See the Supplementary Information for details of the experimental section.
Reduction of 1
Electrochemical reduction was performed in situ in the EPR cavity by using a two-electrodes electrochemical cell. Experiments were carried out at room temperature using THF as a solvent. The spectrum exhibits a well resolved hyperfine spectrum. The same spectrum was obtained by reaction of a solution of 1 with potassium. A colorless solution of 1 turned to pale yellow when in contact with a potassium mirror under high vacuum at 220 K. Recording the spectrum at 298 K improved the resolution and led to the spectrum shown in Fig. 1 . This spectrum could be simulated (Fig. 2) by assuming hyperfine couplings with one 14 N nucleus (I = 1, A iso = 12.00 G) and three inequivalent protons (A iso = 3.55 G, 4.15 G and 1.35 G) . The intensity of the spectrum remained constant for 24 h at room temperature; then it decreased slowly and the color of the solution changed to brown. Likely, this change in the color of the solution is due to the formation of 2-methoxy-4-nitrophenoxide, once the fragmentation took place.
Reduction of 2
All our attempts to record an EPR spectrum by reduction of 2 remained unsuccessful. Electrochemical as well as chemical reductions provoked a change in the color of solutions of 2 in THF, but the resulting yellow coloration rapidly disappeared and no signal was observed, even by changing the experimental conditions (e.g. experiments within the 130-298 K temperature range). As revealed by these color changes, reduction of 2 certainly occurs, but in contrast with radical anion of 1, the resulting radical anion of 2 is not persistent enough to be detected by EPR. In accord with previous cyclic voltammetry measurements [5] , this too short life time of radical anion of 2 is certainly related to mesolytic cleavages in the radical anion. 
Theoretical calculations

Computational methods
All theoretical calculations presented in this work have been done within the framework of the Gaussian 98 package of programs [9] . We have used density functional theory (DFT) [10] for quantum mechanical calculations and particularly the B3LYP hybrid functional [11] . The spin-unrestricted formalism has been employed in solving the . The 6-31+G basis set [13] has been adopted in all the calculations. Diffuse functions have been added to account for the diffuse nature of the charge distribution. Most of our species are anions and the diffuse functions are especially necessary.
To find the respective minima on the potential energy surfaces of compounds 1 and 2, we have performed geometry optimizations starting from sensible guesses of their structures but without any symmetry constraint. Full geometry optimization and direct location of stationary points have been done with the Schlegel gradient optimization algorithm by using redundant internal-coordinates [14] . The characterization of the stationary points, minima or transition-state structures, has been carried out by diagonalizing their analytical second-derivative matrix (Hessian) and looking for zero or one negative eigenvalue, respectively. In this second case, the eigenvector (transition vector) associated with the negative eigenvalue shows the direction along which the potential energy lowers. Furthermore, the connection of a transition-state structure with its corresponding local minima was confirmed in minimum energy path (MEP) calculations by following the Gonzalez-Schlegel mass-weighted internal-coordinates reaction path algorithm [15] .
In all the areas of the computed potential energy surfaces, the total spin value,<S 2 >, does not differ significantly from the 0.75 value of a pure doublet (i.e., no spin contamination appears along the reaction paths). Thermodynamic and quasi-thermodynamic magnitudes have been computed using the statistical thermodynamic formulation [16] of partition functions within the ideal gas, rigid rotor, and harmonic oscillator models. Analytical second derivatives of the energy with respect to the Cartesian coordinates have been used for the determination of vibrational frequencies. The imaginary frequency is neglected in the thermodynamic calculations of the transition-state structures. A pressure of 1 atm and a temperature of 298.15 K have been assumed in the calculations.
A natural population analysis (NPA) according to the procedure developed by Weinhold and co-workers has been done to obtain the spin distribution (that is, the difference between the a and the b NPA net atomic charges, i.e., the a excess net atomic charge) [17] . Natural Resonance Theory (NRT) has been employed using NBO 5.0 [18] .
The bulk effect of a nonpolar solvent has been evaluated through the Tomasi's polarized continuum model (PCM) [19] at the gas-phase geometry. A dielectric constant value of 7.58 corresponding to tetrahydrofuran (THF) has been used. Both electrostatic and nonelectrostatic terms have been included in the calculations.
The hyperfine coupling constants (hfcc's) have been computed with the Gaussian 98 suite of programs introducing the bulk effect as explained above. Application of density functional methods to compute Electron Paramagnetic Resonance parameters, as hfcc's, has been fruitful in the past. Out of a multitude of functionals investigated to date, the B3LYP scheme of Becke in many cases provided the highest accuracy of the calculated hfcc's [8] .
Theoretical results
In this section the theoretical calculations carried out in this study are presented. In first place, the experimental hyperfine coupling constants (hfcc's) values for the radical anion of 1 (1 À ) have been compared to our theoretical predictions using DFT. Note that only the absolute values of the coupling constants are determined from the spectra. Then, a theoretical description of the cleavage mechanisms of both radical anions is given.
The hfcc's values for the radical anion 1 assigned by the spectral simulation procedure and by DFT calculations are listed in Table 1 . The highest proton-hfcc's values correspond to positions adjacent to the nitro group.
The reported EPR experimental parameters for 1 À agree very well with our computed hfcc's values revealing the high capacity of the nitro group to retain an electron in this kind of systems. These results confirm that DFT calculations can be used to predict the hffc's of radical anion organic molecules. Incidentally, the calculated B3LYP gas-phase 14 N hyperfine coupling constant turns out to be 8.35 G (compared with 12.05 G including the bulk effect 
Table 2
Main geometrical parameters of the stationary points located for the C-O alkyl ether homolytic bond fragmentation of the radical anions of 1 and 2 along with the corresponding classical potential energies and Gibbs free energies. Neutral structure is also included. with PCM), what clearly shows the special sensitivity of this hfcc to the solvent effect. As we have seen by the analysis of the EPR spectra presented in the experimental section, the fragmentation of both species are clearly different from the kinetic point of view. In species 1 À , the fragmentation is not fast and we can detect an EPR signal associated to the radical anion species at least for one day. In contrast, in the radical anion of 2 (2 À ), the fragmentation is too fast to be detected by EPR. Then, the comparison and description of the reaction mechanisms for the C-O alkyl ether homolytic mesolytic cleavages of both radical anions, need to be done by means of theoretical calculations.
For this purpose, several stationary points on the corresponding potential energy surfaces have been located. Their main geometrical parameters (the C-O distance of the scissile bond and the three dihedral angles that indicate the relative twisting of the two aromatics rings), relative classical potential energy (that is, without zero-point energy) and Gibbs free energy are shown in Table 2 . The geometrical parameters of the corresponding neutral molecules are also included for the sake of comparison. The numbers labelling the atoms are indicated in Scheme 1. From the geometrical point of view, we can observe in both cases that once the electron transfer is accomplished, a reorganization of the reactants in order to reach the corresponding products of the reaction will be necessary.
Firstly, we have analyzed the neutral species of each compound. In both cases we have studied the different possible conformations that they can adopt but only the most stable structures for each compound, 1 and 2, have been presented here. For species 1, the neutral structure has the two rings in different planes, but once the electron transfer takes place the two rings tend to put themselves nearly in the same plane. That is, a necessary reorganization when going from the neutral structure to the radical anion takes place. When an electron was added to the frozen minimum energy structure of the neutral species 1, a nonstationary point was found on the radical anion potential energy surface since it has four imaginary frequencies (170i, 78i, 68i and 29i cm À1 ). The normal mode of the highest imaginary frequency (170i cm À1 ) corresponds to the rotation around the C 14 -C 17 bond, which indicates a relaxation movement to the radical anion minimum energy structure mentioned above. In contrast, for species 2, the initial radical anion does not significantly change its geometry with respect to the neutral species and remains planar. In both cases though, we can observe a diminution of the bond distance to be cleaved, O 3 -C 14 or O 7 -C 8, in going from the neutral to the radical anion species. That is, after the electron is captured the C-O alkyl ether bonds become stronger. For species 1, the extra electron shortens the scissile bond from 1.482 Å at the neutral molecule to 1.445 Å at the radical anion, whereas for species 2 the effect of an extra electron diminishes less appreciably the same C-O bond (from 1.460 Å at the neutral reactant to 1.441 Å at the radical anion). For compound 2 however, a second minimum had been located in a previous study [6] 1.5 kcal/mol higher in potential energy, but this minimum does not belong to the reaction pathway. It has a C-O alkyl ether bond distance slightly longer than in the most stable radical anion structure and it does not keep the planar geometry. This second minimum will not be taken into account from here on. The results in Table 2 reveal that the C-O bond cleavages of the two compounds 1 and 2 are exergonic, but in the case of species 2 the reaction Gibbs free energy is more negative (À34.3 kcal/mol) than for species 1 (À15.5 kcal/mol). The kinetic behavior for those two compounds follows the thermochemical driving force direction. This means that the bond cleavage for species 2 is significantly faster, with a lower Gibbs free energy barrier, than for species 1 (1.21 kcal/ mol vs. 8.28 kcal/mol). Let us rationalize now the fundamental reasons for this different behavior of the two radical anions.
The analysis of the geometrical changes that take place along the fragmentation pathways can be followed by the data presented in Table 2 . In addition, we present the analysis of the spin distribution along those reaction paths in order to describe in further detail the main electronic factors that differentiate the bond cleavage of both species (1 À and 2 À ). These data are collected in Table 3 and Table 4 . Our theoretical results indicate that the electronic ground state for both radical anions in the two species (1 À and 2 À ) is a p electronic state (the added electron mainly goes to a p molecular orbital of the radical anion which comes from a p* molecular orbital of the neutral system). In 1 À the extra electron is mainly concentrated on the NO 2 group due to its electron-withdrawing character but there is also some contribution on the phenyl ring. In 2 À the extra electron is distributed mainly on the phenyl ring but also with important contributions on the CN group and also on the benzyl ring. Figs. 3 and 4 show the SOMO molecular orbitals for compounds 1 À and 2 À , respectively. The different electronic distribution of those two species can also be described using NRT analysis. Those NRT results (see Figs. 5 and 6) indicate which are the most significant resonance structures (alpha and beta) for each species.
As we have discussed in previous studies [5] , the p electronic state of the two radical anions is not appropriate to produce the C-O alkyl ether bond fragmentation. An intramolecular electron transfer to the r* antibonding C-O alkyl ether molecular spin orbital is required to produce the bond dissociation. However, at the quasiplanar radical anion structure 1 À and the planar radical anion structure 2 À , there is no p-r* coupling and only when a symmetry-breaking coordinate motion occurs, the intramolecular electron transfer becomes feasible. In the present cases, this symmetrybreaking motion consists in the twisting of the two aromatic rings. That ring motion can be inferred from the values of the corresponding dihedral angles presented in Table 2 . At the two transition-state structures (TS), the transition vector mostly consists of the variation of the scissile C-O bond distance plus some components corresponding to the twisting of those dihedral angles.
From an electronic point of view, the radical anion species 1 -principally retains the extra electron on atoms constituting the nitro group (the a spin excess on N 1 is 0.271 au, on O 2 0.231 au and on O 3 0.224 au) and carbon atoms situated in ortho (C 5 0.116 au, C 9 0.130 au) positions with respect to the electron-withdrawing group, in agreement with the couplings observed in the EPR spectra (see Table 3 ). An important contribution is present on C 8 (0.144 au) but due to the lack of magnetic nucleus in the vicinity of this atom, this contribution cannot be revealed by the hyperfine structure. There is a little but significant negative contribution of spin excess on C 11 (the a spin excess is À0.057 au). This value is in agreement with the small absolute value of the H 12 coupling measured on the spectrum. The contribution of the benzyl ring (0.003 au) could be neglected. In contrast, radical anion 2 À (Table 4 ) presents the main a spin excess contribution (0.240 au) on C 4 , and a less significant contribution in the electron-withdrawing group (-CN). This fact can also be described in terms of the NRT analysis (see Figs. 5 and 6) . For the 2 À species, all a natural resonance structures present contribution in C 4 . An important a spin excess contribution of 0.206 au appears also on C 6 (in ortho position with respect to the nitrile group) and on the phenyl ring (0.125 au) as a clear indication that the electron-withdrawing group in this radical anion less retains the extra electron.
For the interpretation of the cleavage reaction mechanisms, it has to be taken into account that the methylenic carbon atoms provide the most important contribution to the r* antibonding C-O alkyl ether molecular spin orbital, so then the transition-state structure TS is reached when a significant a excess net atomic charge is accumulated on those methylenic carbons (C 14 = 0.305 au in 1 À TS and C 8 = 0.031 au in 2 À TS; see Tables 3 and 4 , respectively). That TS intersection region is energetically more difficult to reach for 1 À than for 2 À . As we have already commented before, Fig. 3 . SOMO of the radical anion of the 2-methoxy-4-nitrophenyl benzyl ether (1 À ). the additional unpaired electron is mainly located in the electronwithdrawing moiety in both cases but in 1 À is more concentrated on the nitro group whereas in 2 À it is more delocalized onto the phenyl ring. The migration of the electron density from the p region to the r* C-O bond is then less difficult as the electron-withdrawing strength of the substituents attached to the phenyl ring diminishes. That is, in going from 1 À to 2 À the TS structure appears earlier and with smaller classical potential energy and Gibbs free energy barriers. As seen in Table 2 , the C-O bond distance at the TS structure is 1.891 Å for 1 À but only 1.481 Å for 2 À . At this point, we want to emphasize that in species 1 À , the group methoxy seems not to play an important role in the dissociation process. If we analyse the spin distribution along the reaction path, the values of these magnitudes remain more or less invariable. However it is reasonable to think that it determines the initial conformation of radical anion 1 À without allowing the rings to remain in the same plane.
Up to now we have presented gas-phase calculations. In addition, we have also performed a study introducing solvent in our calculations for the sake of comparison with the results obtained in gas-phase. The solvent used, THF, is the same used in the EPR experiments. This solvent is a nonprotic and nonpolar solvent with a dielectric constant of 7.58. We have solvated the B3LYP gasphase stationary points with geometries being kept frozen. Below the energy profiles of the reaction pathways with solvent are presented and compared with the profiles obtained in gas-phase for the species 1 À and 2 À (Figs. 7 and 8, respectively). The above energy profiles show a clear different behavior between 1 À and 2 À when a solvent is introduced. Solvation clearly destabilizes the gas-phase pathway associated to 1 À with respect to the reactant, increasing the energy barrier from reactant to TS in 7.4 kcal/mol. In contrast, solvent effects do not significantly affect the same energy barrier for species 2 À increasing it by only 0.77 kcal/mol with respect to the gas-phase pathway. That is, from a kinetic point of view solvent effects are not determinant in the fragmentation process for species 2
À
. The electronic features of the own radical anion structure determine its kinetic behavior versus cleavage. However, the TS structure associated to 1 À is not a reactant like transition-state structure and the bond to be cleaved has to lengthen from 1.445 Å in the radical anion to 1.891 Å in the TS. The solvent effect is expected to be more important here because an important delocalization of charge occurs in 1 À in going from the reactant radical anion to the transition-state structure. This charge delocalization turns out to be very small in the case of 2 À . The thermodynamic values presented in Fig. 7 show that the inclusion of solvent destabilizes somehow the products for species 1 À diminishing then the thermodynamic driving force for the cleavage reaction. On the other hand, the fragmentation of 2 À (Fig. 8 ) becomes more thermodynamically favorable when a solvent is introduced diminishing the reaction energy from À21.7 kcal/mol in gas-phase to À30.0 kcal/mol in THF.
Concluding remarks
In this work EPR experiments of the radical anions of 2-methoxy-4-nitrophenyl benzyl ether and 4-cyanophenyl benzyl ether have been carried out in order to characterize their electronic structure. In the case of 2-methoxy-4-nitrophenyl benzyl ether an EPR spectrum has been obtained. The calculated hfcc's from that EPR signal show that most of the extra electron is located in the nitrophenyl moiety. In contrast, no EPR signal has been detected in any experiment carried out on the radical anion of 4-cyanophenyl benzyl ether. Although we have not performed an experimental kinetic study for the fragmentation of such species, the EPR results suggest that the lifetime of the radical anions of para-substituted-benzyl phenyl ethers significantly depends on the electron-withdrawing group (cyano or nitro).
Our theoretical results in gas-phase have shown that the reorganization of spin distribution, associated to the p-r* intramolecular electron transfer that causes the homolytic C-O bond dissociation of these radical anions, is determinant of their kinetic behavior. In the radical anion of 2-methoxy-4-nitrophenyl benzyl ether the gas-phase potential energy barrier is 8.1 kcal/mol higher in comparison with the radical anion of 4-cyanophenyl benzyl ether. The influence of the solvent is clearly observed in the energy barrier associated to the fragmentation of 2-methoxy-4-nitrophenyl benzyl ether, increasing that up to 17.9 kcal/mol (10.5 kcal/mol in gas-phase). The effect of the solvent is not important in the kinetics of the fragmentation of the radical anion of 4-cyanophenyl benzyl ether. Then the theoretical results indicate that the fragmentation of the radical anion of 2-methoxy-4-nitrophenyl benzyl ether is clearly much slower than in the case of 4-cyanophenyl benzyl ether, so justifying why the EPR spectrum has not been observed in this second case.
